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Abstract Microsatellites are a ubiquitous class of simple

repetitive DNA sequences, which are widespread in both

eukaryotic and prokaryotic genomes. The use of micro-

satellites as polymorphic DNA markers has considerably

increased both in the number of studies and in the number

of organisms, primarily for genetic mapping, studying

genomic instability in cancer, population genetics, foren-

sics, conservation biology, molecular anthropology and in

the studies of human evolutionary history. Although simple

sequence repeats have been extensively used in studies

encompassing varied areas of genetics, the mutation

dynamics of these genome regions is still not well under-

stood. The present review focuses on the mutational

dynamics of microsatellite DNA with special reference to

mutational mechanisms and their role in microsatellite

evolution.
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Introduction

Microsatellites, also termed as simple sequence repeats

(SSR) and short tandem repeats (STR) are a ubiquitous

class of simple repetitive DNA sequences [1, 2], which are

widespread in both eukaryotic and prokaryotic genomes,

and demonstrate high level of allele polymorphism. These

are tandem repeats of DNA sequences of a few base pairs

(1–6 bp) in length, though some researchers are of the view

that tandem arrays of 7–9 bp should be covered under

microsatellites to delineate them from minisatellites ([10

and \100 bp) [3]. Microsatellites have been classified

according to the type of repeat sequence as perfect,

imperfect, interrupted or composite [4]. In a perfect

microsatellite, the repeat sequence is not interrupted by any

base not belonging to the motif; in an imperfect one, there

is a pair of bases between the repeated motifs that does not

match the motif sequence; in an uninterrupted microsatel-

lite, there is a small sequence within the repetitive

sequence that does not match the motif sequence, while in

a composite microsatellite, the sequence contains two

adjacent distinctive sequence repeats [4].

Less accuracy of traditional molecular markers in the

estimation of genetic differences between various taxa and

their insufficient statistical capacity forced the researchers

to look towards better alternatives like microsatellites,

which provides advantages like high variability even in

organisms displaying little genetic variation, easy and

straightforward identification and easy scorability by dif-

ferent methods [5, 6]. The use of microsatellites as poly-

morphic DNA markers has considerably increased both in

the number of studies and in the number of organisms,

primarily for genetic mapping, studying genomic instabil-

ity in cancer, population genetics, forensics, conservation

biology, molecular anthropology and in the studies of

human evolutionary history [7–9]. Microsatellites were

originally designed for research in humans [10], but have

been extensively used for genetic analysis in poriferans

[11], insects [12–14], molluscs [15], fishes [16, 17], reptiles
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[18], birds [19, 20], mammals [21] and plants [4, 9, 22–24].

In human beings, SSRs have been recognized to play a

major role in neurodegenerative disorders [25–29], which

is probably due to expansion of the number of repeats.

SSRs are also known to be associated with some human

cancers and human genetic diseases [30, 31].

With the development of novel genetic markers like

single nucleotide polymorphism and amplified fragment

length polymorphism (AFLP), it was thought that the

utility of microsatellites would decline. However, recent

research on microsatellites has proved that microsatellites

in the near future would be used as important genetic

markers in various biological disciplines. SSRs are multi-

allelic and generally have higher heterozygosity and are

more informative than RAPD and AFLP markers [32]. The

initial cost associated with microsatellites is high because

of requirement of sequence information. However, once

developed, they are easily maintained and shared among

laboratories [33]. The ease of use, high reproducibility, low

cost and abundance of microsatellites in living organisms

makes them ideal markers for genetic analysis. Although

SSRs have been extensively used in studies encompassing

varied areas of genetics, the mutation dynamics of these

genome regions is still not well understood. The genetic

and evolutionary mechanisms of SSRs remain debatable

and at times controversial. Therefore, the present review

focuses mainly on the evolutionary dynamics and muta-

tional processes of microsatellite DNA.

Microsatellite Distribution

Knowledge of the patterns of microsatellite distribution

may help to understand the evolutionary properties of these

repeats. It has been shown that the overall frequency of

microsatellites varies widely across genomes and recent

evidence points to their non-random genomic distribution.

The frequency of genomic microsatellites varies per taxon

in terms of absolute number of microsatellite loci and

preferential repeats [34]. In plants, there is a positive linear

relationship between microsatellite frequency and per-

centage of single-copy DNA, which suggests that micro-

satellites should be more frequent within single copy DNA

than repetitive DNA [35]. However, this observation con-

tradicts earlier studies stating that microsatellites are ele-

ments derived from repeated sequences and that an

increase in microsatellite density is associated with an

increase in genome size [36].

Microsatellites are non-randomly distributed throughout

eukaryotic genomes, and show different properties in

genomic regions of different functionality [37]. Eukaryotic

genomes are characterized by the predominance of mono-

nucleotide repeats over other classes [2, 38]. Generally

poly (A/T) repeats are more abundant in each taxon than

other classes [2], and this feature is most pronounced in

primates. In all vertebrates and arthropods, AC is the most

frequent dinucleotide repeat motif, while in embryophytes,

chicken, Saccharomyces cerevisiae and exonic regions of

fungi, AT repeats are more common [2, 39, 40]. In all

vertebrates, (G ? C)-rich motifs are the most common

among trinucleotides, while in S. cerevisiae and fungi

(A ? T)-rich repeats are predominant [2]. Repeats with

\50% of G ? C are generally more abundant in eukary-

otes. Repeat motifs of type AABB, where B denotes any

base other than A, are abundant in primates and rodents.

Mutation Rates

Microsatellites are highly mutable with slippages often

contributing to the expansion and contraction of the

microsatellites, and point mutations leading to their deg-

radation. Microsatellites are thought to be hypermutable

and thus show hypervariability in species and populations.

There is no uniform microsatellite mutation rate; the rates

tend to differ among loci, alleles and even among species

[41]. The mutation rate at a microsatellite partly depends

on its intrinsic features, e.g. the number of repeated units,

length (in base pairs), and the repeated motif. Microsatel-

lites with a greater number of repeats are more mutable

probably due to the increased probability of slippage [42].

At the same time, microsatellites with greater length,

irrespective of the number of repeats, usually possess more

complex and stable non-B-DNA conformations that can

also facilitate slippage and increase mutation rates [43].

Moreover, mutation rates of microsatellites equal in length

have been found to be inversely proportional to their motif

sizes (lengths of the repeated unit in base pairs) [44].

Dissimilarities in secondary DNA structure are also known

to vary mutation rates among microsatellites with different

motif composition [45].

Genomic features varying regionally are also expected

to contribute to variation in microsatellite mutation rates

[42]. High local substitution rates cause frequent repeat

interruptions that make slippage less likely and decrease

microsatellite mutation rates [46]. Local recombination

rates might affect microsatellite mutation rates if some new

length-variants originate through unequal crossing over or

gene conversion [42, 47]. Transcription also influences

microsatellite mutation rates through alterations of DNA

structure or interference with replication [47, 48].

In general, microsatellites have high mutation rates as

compared to point mutations in coding genes. Microsatel-

lite mutation rates range from 10-6 to 10-2 events per

locus per generation, which is significantly higher than

point nucleotide substitution rates at coding gene loci
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[49–52]. Weber and Wong [53] observed that dinucleotide

repeats have a lower average mutation rate (5.6 9 10-4)

than tetranucleotides (2.1 9 10-3). Table 1 depicts the

microsatellite mutation rates for different organisms.

However, high mutation rates from about 10-4 to 10-2 per

locus per generation have been observed in humans [54].

Mutation rates may not only vary among repeat types (di-,

tri- and tetranucleotide), base composition of the repeat

[55] and microsatellite types (perfect, compound or inter-

rupted), but also among taxonomic groups. Additional

factors like repeated motifs, allele size, chromosome

position, cell division, sex and the GC content in flanking

DNA have been found to affect the rate of mutation at SSR

loci [44, 56–59]. Recently Amos et al. [60] have pointed

out that heterozygosity increases microsatellite mutation

rate. They observed that microsatellite alleles of any given

length are more likely to mutate when their homologue is

unusually different in length, and the predictability of

microsatellite length is consistent with heterozygote

instability and has an important impact on microsatellite

evolution [60].

Factors Contributing to Differences in the Evolutionary

Dynamics of Microsatellites

It is generally believed that microsatellite mutation rates

differ between loci and/or alleles of the same locus

depending on the structure of microsatellites itself [50, 61–

63]. Some of the factors that contribute to the differences in

the evolutionary dynamics of microsatellites are given

below.

Repeat Number

Studies from population surveys, pedigree data and cloned

microsatellites suggest that mutation rates of microsatel-

lites increases with repeat number [53, 64–70]. Longer

repeats being more unstable have ramifications in genome

organization, evolution of proteins and diseases on a rela-

tively shorter evolutionary timescale [37]. Several studies

that have examined individual mutational events have also

found that alleles with large number of repeats are more

likely to mutate than alleles with fewer number of repeats

[41, 71–73]. It has been speculated that longer mononu-

cleotide SSRs have more opportunity to undergo slipped-

strand mispairing and there would be more mutability in

their length than in shorter mononucleotide SSRs [74]. It is

not clear whether this is due to decreased efficiency of

mismatch repair enzymes or to other factors. The efficiency

of proofreading exonuclease is known to decline with

repeat length unlike that of mismatch repair system (MMR)

enzymes [65]. Whatever the mechanism, microsatellites

with large number of tandem repeats mutate more often

leading to greater polymorphism and higher evolutionary

rates of change [75]. Dettman and Taylor [76] have

recently reported that the association of increased variance

with increased repeat number was significant across all

three genealogical depths viz. flanking sequence variants,

intraspecific and entire sample. Several studies had

assumed a constant linear or quadratic relationship between

microsatellite slippage mutation rate and the number of

repeat units [77–80] but such assumptions are not sup-

ported by experimental results [81, 82].

It is believed that during DNA replication, larger num-

ber of repeats provides more opportunities for misalign-

ment during the reannealing of the nascent strand [83].

Also, longer stretches of repeated units pose more prob-

lems to polymerase than do shorter stretches; making

longer alleles more prone to slipped-strand mispairing [76].

Any mutation within the repeated region that causes an

interruption will split the original repeat into two shorter

ones, which would increase locus stability by reducing the

substrate for polymer slippage and recombination.

Extending the above arguments, there seems to occur a

rough threshold of minimum repeat number below which a

microsatellite is not likely to mutate or be variable. Several

studies have confirmed the existence of such a threshold

limit [49, 54, 73, 76, 84, 85]. Messier et al. [84] used a

phylogenetic approach to identify a putative ancestral

sequence for a microsatellite in primates. The results sug-

gest that once a critical number of repeat units have arisen

in a given species, that locus can become hypervariable,

Table 1 SSR mutation rates in different living systems

Organism SSR mutation rates Reference

E. coli 10-2 [208]

Saccharomyces 1.2 9 10-5 [78]

Neurospora 2.8 9 10-6–2.5 9 10-5 [76]

Drosophila 2.8 9 10-6 [78]

6.3 9 10-6 [68]

9.3 9 10-6 [69]

10-6–10-4 [184]

[209]

Mammals 10-5–10-2 [210] (Rat)

[53] (Humans)

[211] (Mouse)

[66] (Humans)

[212] (Humans)

Plants 10-5–10-2 [213] (Chick pea)

[183] (Wheat)

[72] (Maize)

1.1–6.37 9 10-6 [214] (Dictyostelium)

4.97 9 10-3 [215] (Wheat)
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with mutations occurring on greater timescales. A base-pair

mutation appears to have created this critical number of

repeats in the microsatellites examined by Messier et al.

[84]. Rose and Falush [49] estimated a threshold size of

about eight nucleotides irrespective of different motifs for

mono-, di-, and tetranucleotides. However, some workers

have debated the existence of threshold sizes for slippage

mutations [86]. In the analysis of S. cerevisiae sequences,

Pupko and Graur [86] disagreed and suggested that no

‘critical point’ exists for microsatellite expansion.

With regard to the mutability of short microsatellites

(8–10 bp), it was initially suggested that short microsatel-

lites do not mutate by replication slippage and are highly

stable [49]. Later another study concluded that even short

microsatellites mutate by replication slippage but the sta-

tistical support for this claim was lacking [86]. Further

evidence of instability of short microsatellites came from a

detailed analysis of the mutation pattern in rodents with a

lacI transgene [87]. An exponential increase of slippage

mutations in mononucleotide runs consisting of 1–5 repeats

was observed, which suggested that short repeats also

mutate by DNA replication slippage. Interspecific com-

parison has also indicated that microsatellites with small

number of repeats also gain and lose repeat units [43, 88].

The association of mutation rate with size remains a matter

of debate, and recent studies on humans show that there

might be an exponential relationship rather than a linear

one [54, 58, 66].

Repeat Type

The repeat type not only influences the evolutionary

dynamics but also influences the mutation spectrum of

microsatellites [50]. Some early studies suggested that the

mutation rates of tetranucleotides were higher than that of

dinucleotides [53]. However, subsequent studies have

revealed that slippage rates are higher in dinucleotide

repeats, followed by tri- and tetranucleotide repeats [44, 69,

78]. This was probably due to the fact that shorter repeating

units allow more slippage events per unit length of DNA

and hence is likely to be more unstable [37]. The com-

parison of mono-, penta- and hexanucleotide repeats with

other repeat types indicated that mononucleotide micro-

satellites are more mutable in cultured mammalian cells

[89], while pentanucleotide repeats are less stable in

S. cerevisiae [90].

Perfection of Repeat Structure

The purity of the repeat is also known to affect microsat-

ellite stability. Imperfect microsatellites seem to have

lower mutation rates than perfect repeats [91] suggesting

that imperfections tend to decrease variability as well as

evolutionary rates. However, later studies failed to confirm

this relationship. Zhu et al. [92] showed that imperfections

accumulate in microsatellite sequences and tend to persist.

Their accumulation reduces slippage and may lead to the

loss of the characteristic microsatellite features of runs of

perfect repeats and mutations by slippage that is commonly

referred to as death of microsatellites.

Flanking Sequence

The mutability of microsatellites greatly depends on the

genomic constitution of their flanking sequences. Gold-

stein and Schlotterer [25] described the flanking region as

a single-copy DNA sequence immediately upstream and

downstream of a microsatellite locus. Large scale muta-

tion of a sequence that contains or flanks a microsatellite

will modify the genomic context of the microsatellite and

may change the mutability of the locus [63]. Factors like

GC content, sequence divergence or flanking sequences

are composed of gene-related DNA and are of key

importance [93, 94]. The assumption that flanking regions

may be involved in microsatellite mutation rate initially

came from a study on alligator microsatellite loci [95].

Significant negative association has been observed

between allelic diversity and GC content of the flanking

sequence, and between GC content and the number of

repeats [95]. However, Balloux et al. [96] in a study on

shrews found no such correlation between the GC content

of the flanking sequence of microsatellites and microsat-

ellite mutation rates. Similarly, a study of 40 microsat-

ellite loci and the GC content of their flanking sequences

in Drosophila melanogaster showed no relation between

the two [55].

Recombination

A positive correlation between recombination rate and

variability has been well established for DNA sequences

[97]. There is no conclusive evidence of correlation

between microsatellite variability and recombination rate

[50]. Schug et al. [69, 98] reported positive association

between microsatellite variation and recombination rate,

but other studies failed to confirm this relationship [62, 99].

This inconclusiveness was stated to stem from the fact that

all these studies were carried out in Drosophila melano-

gaster, a species with low microsatellite mutation rate

[68, 100]. The random effects generated by the influence of

repeat number on microsatellite variability, somewhat

diminishes the association observed between them and

leads to a resultant discrepancy between these reports.

However, recent studies on human microsatellite loci have

indicated that the mutational mechanism of microsatellite

is likely to be independent of recombination [82, 101].
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Sex of Individual

It has been noticed that in some cases, the sex of the

mutating individual has an influence on the mutation pro-

cess. In barn swallows, the mutation rate has been reported

to be almost twice in males than in females [102]. In

humans, an excess of paternally transmitted mutations

support a male-biased mutation rate [42, 57]. Several

pedigree analyses indicate higher microsatellite mutation

rates in human males than females [57, 66].

Mutational Mechanisms

The SSR mutation rates are very high as compared with the

rates of point mutations at coding gene loci. This has a

strong influence on genomic SSR abundance and various

functions and effects associated with the mutation rate.

Several mutational mechanisms have been proposed to

explain such high rates of mutation in microsatellites.

Replication Slippage

This mechanism assumes that during DNA replication, the

nascent and template strand realign out of register, and if

DNA synthesis continues unabated on this molecule, the

repeat number of the microsatellite is altered [50, 83]. The

slipped structure may be stabilized by hairpin, triplex,

cruciforms or quadruplex arrangement of DNA strands

[103, 104]. In other words, the dissociation of any one

DNA strand from the other strand and rebinding in a dif-

ferent position, leads to continued lengthening of the new

strand and base-pairing errors. This may result in an

increase in the number of repeats in the allele if the error

occurs on the complementary strand or a decrease in the

number of repeats if the error occurs on the parent strand

[4, 25]. Detailed in vivo studies of pedigrees show a 2:1

bias in favour of gain of repeats [53], which suggests that

microsatellites show a tendency to rapidly increase in size

over time [49].

Some recent studies have suggested that equilibrium

distributions of SSR repeat lengths are a result of balance

between slippage events and point mutations [78, 105].

Replication slippage favours growth, whereas point muta-

tions break down a long array into shorter ones [106]. Once

established, microsatellites experience frequent slippage

mutation, at rates that are a function of the repeat unit

sequence, length and purity. When point mutations occur

within an otherwise perfect repeat, they suppress slippage

mutation rates by disrupting local self-similarity necessary

for the misalignment of the slipped-strand precursor to

length mutation. Conversely, the ‘copy-and-paste’ nature

of the slippage mutation process has the effect of

removing these impurities and restoring the repetitive

character of the repeat. Changes in relative frequencies of

point mutations and slippage events probably have direct

effect on the accumulation of long SSR in genomes and

therefore higher rates of slippage gives rise to longer SSRs

[78]. The relative rates of point mutations and slippage

might be altered by differences in genome structure or

organization between species [107] as well as by changes

in the efficiency of MMR and proofreading during DNA

replication [108].

Although in vitro experiments have demonstrated high

rates of DNA slippage [109, 110], the mutation rates of

microsatellites are reduced 100–1,000-fold primarily due

to the presence of exonuclease proofreading and DNA

MMR [111, 112]. Most of these primary mutations are

corrected by the MMR system, and only a small fraction

that was not repaired ends up as microsatellite mutation

events. Since DNA repeat regions represent preferred

target sites for mutations during DNA replication, micro-

satellite stability is usually regulated at multiple steps in

vivo through the DNA MMR system [90]. Evidence for

this comes through several studies on organisms like

Escherichia coli, S. cerevisiae and humans [90]. MMR

proteins are found in a wide variety of taxa and are

responsible for the correction of replication mistakes and

suppression of recombination between diverged sequences

[113]. MMR thus removes primary DNA slippage muta-

tions with a high efficiency [83]. S. cerevisiae cells

lacking a functional MMR system have been found to

have up to a 6,000-fold increase in microsatellite mutation

rates [90]. If the MMR system is defective, coding

sequences with tandem repeats become prone to mutations

as in tumour tissues [90]. Therefore, high frequency of

microsatellite instability plays a pivotal role in carcino-

genesis [114]. MMR genes contain short (A)n tracts in

their coding regions, which are highly vulnerable to

spontaneous insertion or deletion mutations resulting in

the activation of the MMR gene causing MMR deficiency

[115]. A recent study explains how a mutational bias

might operate to govern microsatellite length [116]. In the

spellchecker mutation in Drosophila melanogaster, accu-

mulation lines deficient for MMR, microsatellite muta-

tions tended to an increase in repeat number, indicating an

upward mutation bias. In contrast, the wild type genotypes

showed a significant downward bias with deletions

involving more than one repeat unit. This observation led

to the hypothesis that although primary microsatellite

mutations in D. melanogaster are in the form of repeat

unit insertions, the MMR machinery recognizes and cor-

rects expansion mutations to give a net loss of repeat units

[116]. An extension of this hypothesis states that slight

differences in the MMR specificity and/or function
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between species can have profound effect on the genomic

length distribution of microsatellite sequences by affecting

the strength and direction of a mutation bias [108].

Mismatch repair has been found to have a greater impact

on SSR stability than proofreading [83]. This is evident

from the fact that when the MMR genes mutate or become

defective, SSR instability increases [117, 118]. In E. coli,

the MMR system enhances the triplet repeat stability and

stabilizes the repeat sequences [119, 120]. The effective-

ness of the DNA MMR is influenced by the genomic

location of mismatch and the DNA surrounding the mis-

match, the presence of strand recognition signals and the

methylation state [52, 83]. However, the MMR system,

which limits mutation in SSR sequences, is more vulner-

able to mutation because of the presence of SSRs in its own

coding regions [115].

Numerous reports have documented differences in

MMR system among individuals of a particular species

[121]. Eisen [83] has stated that variation in MMR capa-

bilities within a species may be attributed to other selection

pressures and not solely to mismatch recognition. MMR

efficiency is critical for SSR slippage rates, because dif-

ferences exist between species in the ability of their MMR

machinery to detect loops of different lengths resulting

from slippage from replication [122].

Recombination

Recombination like processes involving unequal crossing

over or gene conversion can lead to large scale contractions

and expansions in the repeat array [3]. Charlesworth et al.

[123] stated that unequal exchanges in combination with

random genetic drift and selection could have a strong

effect on the accumulation of tandem repetitive sequences

in the genome. Many investigations point to a greater role

of unequal crossing over and gene conversion (nonrecip-

rocal recombination) in destabilization of tandem repeats

and altering the SSR length [3, 34, 124, 125]. An associ-

ation between microsatellite occurrence and regions of

high recombination rate has been noted in S. cerevisiae

[126] and, to a lesser extent, in humans [127]. What bio-

logical processes primarily drive this association is a matter

of current debate. In S. cerevisiae, site-specific modifica-

tion of interchromosomal meiotic recombination activity

levels has been shown for microsatellites including poly-A

[128], poly-AC [129, 130] and pentanucleotide [131]

repeat arrays, and numerous studies have shown that

microsatellites can stimulate recombination between plas-

mids [132, 133]. However, there are substantial doubts that

recombination influences microsatellite variability to the

same extent as it does for minisatellites [42, 134]. The

tests for a correlation between recombination rate and

microsatellite density or mutability have failed to show any

relationship between the two [135]. In humans, no asso-

ciation has been found between microsatellite variation and

recombination rates on scale of several hundred thousand

base pairs [82, 101]. Genomic microsatellite distributions

are associated with sites of recombination as a consequence

of repetitive sequences being involved in recombination

rather than being a consequence of it [129, 136]. Moreover,

there is no evidence of any systematic differences in the

rates and patterns of SSR mutations between autosomal

and Y-linked markers; the fact that sequences of Y-chro-

mosome are not involved in meiotic recombination,

therefore, does not influence the mutation process [137,

138].

It is pertinent to discuss the possible association between

microsatellites and recombination hotspots. Recombination

events are not evenly distributed along the chromosomes

but rather occur nonrandomly, often being clustered within

small regions, called ‘recombination hotspots’ [139, 140].

The effect of recombination on the rate and pattern of

nucleotide substitution may be readily detectable at

recombination hotspots. Recent evidence has shown that

meiotic recombination events predominantly occur in

narrow hotspots of 1–2.5 kilobases (kb) separated by about

50–100 kb of DNA that seldom recombines [127, 141,

142]. A number of studies have suggested that microsat-

ellites (dinucleotide repeats) can act as recombination hot-

spots [129, 132, 143]. Inhibition of recombination controls

the rate of mutation and evolutionary adaptation. In sexu-

ally reproducing organisms, recombination rapidly sepa-

rates adaptive mutations from the mutator phenotypes and

allows the removal of mutator alleles, while at the time

retaining or fixing beneficial mutations that arose as a result

of the mutator alleles’ activity. Microsatellites, as recom-

bination hot-spots, may therefore act like evolutionary

switches that modulate the mutation rate under conditions

that require rapid evolution and allow the populations to

respond rapidly to changing environmental conditions

[144]. It has also been recently reported that polymorphic

microsatellites are overrepresented in human hot-spots

[145]. Bagshaw et al. [126] investigated the association

between microsatellites and hot-spots of meiotic double

stranded breaks, the precursors of meiotic recombination,

throughout the S. cerevisiae genome. They found several

types of microsatellites to be strongly associated with

recombination hot-spots, the associations being stronger

for longer microsatellites and weak or absent for repeats

with less than six copies. A possible explanation of high

levels of microsatellite variability in recombination hot-

spots is that recombination is mutagenic to microsatellites,

promoting the generation and maintenance of polymorphic

simple repeats in tracts of high recombination. This is

supported by some experimental data in E. coli [146] and

S. cerevisiae [130].

Mol Biotechnol



Interaction Between DNA Replication Slippage

and Recombination

Replication slippage and recombination could interact,

affecting stability of microsatellite loci. The influence of

replication slippage during recombination-dependent DNA

repair has been reported in wild emmer wheat where a strong

effect of interaction between mean repeat length and SSR

locus distance from the centromere on the number of alleles

and variance in repeat size at SSR loci was found that reflects

the possible influence of replication slippage during

recombination dependent DNA repair [112, 147]. Likewise,

in S. cerevisiae, the repair slippage phenomenon associated

with gene conversion leading to SSR contraction and

expansion may occur several times (up to 800 times) as

compared to replication slippage [3]. Jakupciak and Wells

[125] and Richard and Paques [3] have hinted at a major role

of recombinational repair during gene conversion in trinu-

cleotide expansion in several human neurological disorders.

Indel Slippage

This concept was initially proposed by Zhu et al. [92] due

to the observation by several studies that base substitutions

and DNA replication slippage alone are unlikely to explain

the genomic distribution of microsatellites. Zhu et al. [92]

showed that indel-like processes tend to duplicate short

sequences. However, the term indel slippage or length

independent slippage was given by Dieringer and Schlot-

terer [148]. More likely, other turnover mechanisms also

need to be considered. Unlike DNA replication slippage,

which is length dependent, the indel slippage process is

length independent of the repeat array and is thought to

operate at repeats with few repetitions at a constant rate

[74]. Support for this model comes from the observation

that insertions often copy the flanking sequence, which

creates a short microsatellite [40, 92, 149].

Origin of Microsatellites

The genesis of microsatellites in genomes appears to be

non-random, with an imbalance between mechanisms that

prevent and those that promote the initiation of microsat-

ellites. Microsatellites can arise in the following two ways:

(a) de novo microsatellites—microsatellites arise sponta-

neously from/within unique sequences [84], or

(b) adopted microsatellites—microsatellites are brought

about in a primal form into a receptive genomic

location by mobile elements [150].

A number of studies have concluded that a minimum

number of repeats (proto-microsatellites) is required before

DNA slippage can extend the number of repeats [49, 84]. A

proto-microsatellite is a short intermediate stage with 3–4

repeat units, within cryptically simple sequences, which are

defined as a scramble of repetitive motifs lacking a clear

tandem arrangement [34, 63]. Proto-microsatellites were

initially thought to originate from base substitutions and

served as substrates for further expansion [84]. However,

subsequent studies showed that proto-microsatellites are

formed not only from nucleotide substitution but also

through indel events [148]. This hypothesis is supported by

the observation that insertions tend to copy adjacent bases,

thus, creating a proto-microsatellite [92, 149]. Another

study on mutated human genes demonstrated that more

than 70% of all the 2–4 nucleotide insertions resulted in

2–5 new repeats, most of which are not extensions of pre-

existing repeats but new microsatellites originating from

random sequences [92]. These results indicated that the

types and processes that lead to the extension of micro-

satellite loci and polymorphism occur with only a few

repeats.

It is believed that adopted microsatellites arise from

other genomic regions via a number of transposable ele-

ments that are abundant in eukaryotic genomes and are

thought to shape genome evolution. The transposable ele-

ments may contain one or more sites predisposed to the

formation of microsatellites and hence favour dispersal of

microsatellites in genomes. The influence of mobile

genetic elements on the genesis of microsatellite repeats is

best known from Alu and other short interspersed elements.

Arcot et al. [151] put forward the role of the Alu SINEs

family, a type of interspersed nuclear elements, which is

largely dispersed in the ancestral genome. These elements

are likely to contribute to the genesis of microsatellites due

to the presence of adenine-rich regions at the 30 terminal

and within the sequence [151]. The poly(A) tract at the

30-end of mammalian SINEs/LINEs provides a site ame-

nable to reverse transcription errors leading to the genesis

of A-rich protomicrosatellites and their expansion, should

slippage occur [63]. The influence of mobile genetic ele-

ment activity on the genesis of microsatellite repeats has

also been reported by studies of Alu and other short

interspersed elements by Alexander et al. [152] and

Gallagher et al. [153]. It has been reported in gorillas,

chimpanzees and humans that a GA mutation at the

n-globin locus changed a nucleotide sequence and created a

microsatellite (ATGT)2 which evolved into (ATGT)4 in

African monkeys and (ATGT)5 in human beings [84].

However, this mechanism cannot be invoked to address the

origin of microsatellites that are associated with other

regions of retrotransposons. Nadir et al. [154] proposed a

completely different mechanism for genesis of microsat-

ellites in humans that was deduced from the association of

microsatellites with retrotransposons. It was stated that
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microsatellites rich in A-bases were generated by a 30 exten-

sion of retrotranscripts, similar to mRNA polyadenylation.

A high density of transposable elements does not always

coincide with a high density of microsatellites [50, 155]

and thus the role of retrotransposons for microsatellite

genesis remains questionable. Ramsay et al. [156] found

that microsatellite can also be associated with both 50 and

internal regions of some retroposons, which cannot be

explained by the above mechanism. Morgante et al. [35]

categorically rejected any relationship between microsat-

ellite genesis and presence of transposable elements and on

the contrary pointed to a preferential association with sin-

gle/low copy fraction of the plant genome.

There should be more than one mechanism resulting in

the birth of a microsatellite at any particular place in the

genome, along with some mechanisms that must fail if

microsatellites are to be maintained or spread [63]. The

differential genomic distribution of microsatellites throws

light on the variability in birth rate of microsatellites

throughout the genome as well as on the selective forces

acting against microsatellite birth in specific regions [2, 37,

39, 157, 158]. In some coding regions, microsatellites with

tri- and hexanucleotide repeat motifs are found more fre-

quently than expected by chance because addition or

deletion of such motifs does not disrupt the reading frame

in coding regions [94]. Alternatively, some cellular forces

like RNAi or antiretroviral resistance proteins may be

acting against dispersal of transposable element, thus pre-

venting transposable elements associated microsatellites

from spreading in genomes [159, 160].

Ultimate Fate of Microsatellites

Expansions and contraction, when in equilibrium, maintain

the microsatellites but interruptions still occur. A combi-

nation of two mutational events lead to degeneration of the

microsatellites: the first mutation interrupts the repeat,

preventing slipped-strand mispairing and stabilizes the

repeat, while the second event involves the deletion of

large sections of the repeat [161]. The ultimate result of

these interruptions and deletions is an almost unrecogniz-

able homologous DNA sequence that includes only a small

portion of the original repeat region. Gradual accumulation

of interrupts breaks the repeat pattern and leads to a blend

of unique DNA sequences that includes only short seg-

ments of the original repeat array [63]. The process of

degeneration is accelerated by repeated deletions and

interruptions leading towards the stage known as the

‘death’ of microsatellites [161]. The deletions and inter-

ruptions must be such that the microsatellites advance

towards death instead of experiencing a regrowth of the

shortening arrays. The death of microsatellites is a slow

and multiphasic process which is in sharp contrast to their

birth rate. The scrambled and deteriorated repeat arrange-

ment in due course of time looks like a cryptically simple

sequence, an arrangement from which microsatellites are

believed to arise [63]. A resurrection process can now

begin from these cryptically simple sequences if the

threshold size for expansion is reached again. This com-

pletes the ‘life cycle’ pattern of microsatellite loci, a con-

cept first put forward by Amos [162] and further elaborated

by Chambers and MacAvoy [163]. This concept of the ‘life

cycle’, though having the advantages of outlining the

mutational processes and biases observed at microsatellite

loci in a dynamic evolutionary framework, initially had not

gained attention due to a vague conceptual framework and

lack of supporting evidence. However, a more scientific

and descriptive approach by some authors, has brought this

concept back into the limelight, and enabled the develop-

ment of a realistic model of microsatellite evolution. The

future of this concept of ‘life cycle of microsatellites’

would rest on the successful application of new bioinfor-

matics tools for the exploration of massive amount of data

being generated from various genome projects and com-

parative analysis among related species over an evolu-

tionary time scale.

Mutation Models for Microsatellites

A mutation model of evolution of microsatellites is needed

if the data of allelic frequency from the two groups of

individuals (species or populations) are to be used for

estimating the genetic distance between them. Estimation

of population parameters such as number of migrants,

population structure and effective population size are

highly dependent on the mutational model assumed for the

molecular marker of choice. For microsatellites, this

dependence is strong due to the high mutation rate at these

loci [7]. The fitting of different mutational models to the

available data is not straightforward because of the diffi-

culty of obtaining sufficient mutational events. Two broad

strategies have been pursued. In the first strategy, the

mutational model provides an equilibrium distribution of

microsatellite length, which is then compared with that

observed in DNA sequences by cumulating many micro-

satellites from published genome sequences or by geno-

typing a number of individuals [78, 164]. The second

strategy involves direct detection of mutation events but

involves much more genotyping.

There are at least three sets of qualitatively contrasting

features in the existing models of microsatellite evolution.

The first is one-phase versus two-phase mutations. The

second is mutation rate proportionality versus rate equality.

The final set is the presence or absence of mutational bias,
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whereby the probability of expansion upon mutation may

depend on the repeat length of the mutating microsatellite

in one form or another. Conventionally, two models of

mutations have been considered for microsatellites, the

stepwise mutational model (SMM) and the infinite allele

model (IAM). Later two additional models were described,

the two-phase model (TPM) and the K-allele model

(KAM). The different mutational models applied to

determine the genetic parameters obtained from microsat-

ellite data are given below.

Stepwise Mutational Model (SMM)

The concept of SMM was initially put forward by Ohta and

Kimura [165] for electrophoretic alleles. In this, one repeat

unit is either gained or lost, resulting in an expansion or

contraction, i.e. all mutational events involve a change in a

single repeat only. If X be the length of the microsatellite

then:

X ! X þ 1 at rate k; and

X ! X � 1 at rate k :

This is a symmetric random walk with a lower boundary

condition. Following the SMM, the length of a microsat-

ellite varies at a fixed rate independent of length, according

to a symmetric random walk on the positive integers.

The SMM is usually preferred when estimating relat-

edness between individuals and population sub-structuring,

except when homoplasy is present [4]. If microsatellite loci

evolve in a stepwise pattern, the degree of homoplasy will

depend on the rate of mutation on the locus and the

divergence time of the two populations. Size homoplasy

leads to underestimates of population subdivisions and

genetic divergence between species and populations. In-

spite of this limitation, SMM is supposed to be more

adapted to microsatellite variation than the classical IAM

[7]. Studies in Neurospora have suggested that intraspecific

allelic diversity has been generated mainly under SMM,

and SMM based genetic distances are appropriate for use in

future population genetic studies in the genus [76]. The

problem with this model for the study of microsatellite

length evolution is that a symmetric random walk does not

converge to a stationary distribution, and it is expected to

attain arbitrarily high values. The observed distribution

patterns rarely fit the stringent SMM and it soon became

apparent that a simple SMM does not lead to stationary

microsatellite length distributions [41, 82, 166]. Mutations

have been observed to change the repeat length by[1 unit

[81, 82, 116]. Moran [167] observed that the SMM would

not predict a stationary distribution of lengths but that the

variance in allele length within a population of fixed size

would stabilize. This observation has led most works to

analyze the difference in microsatellite length between

individuals [168–170]. This approach is useful for esti-

mating the time of divergence of populations [171], but

fails to explain why individual alleles do not grow to

arbitrarily large lengths. Thuillet et al. [172] also reported

incompatibility of SMM with the diversity observed at 19

loci in wheat. Slatkin [173] somewhat modified the SMM

and based it on traits with continuous distribution, number

of base pairs or number of repeats, and grouped individuals

according to the number of repeats.

The failure of basic SMM to explain why some alleles

do not expand indefinitely led to the suggestion that point

mutations might prevent expansion by breaking long

microsatellites into smaller ones [77], an idea further

elaborated by Kruglyak et al. [78, 79]. An upper bound on

the number of repeat units in microsatellites greatly sim-

plifies computations and is based on the observation that

very long alleles are rare [174]. Although the presence of

an upper bound leads to a stationary distribution of lengths,

it is not clear why a strict upper bound should exist, and

what its value should be [78]. The generalized stepwise

mutation (GSM) model was developed in which the change

in the number of repeat units forms a geometric random

variable [175]. Under the GSM, the probability of mutation

is modelled by a symmetric geometric distribution with a

parameter p such that the probability of a mutation of size k

at a single locus during one generation is given as depicted

below:

p 1� pð Þ kj j�1l=2

for k 6¼ 0; and 1� l for k ¼ 0:

However, GSM does not capture all the complexity of

the mutation process and constraints on allele size occurs at

microsatellite loci [41, 57, 176]. The bounded GSM

envisages 10-20 possible allelic states, each of which is

separated by a single repeat unit [177].

Two-Phase Model (TPM)

This model was developed by Di Rienzo et al. [61] as an

extension of the SMM to account for a proportion of larger

mutation events. It states that most mutational events result

in an increase or decrease in one repeat unit, though

infrequent alterations of a large number of repeats also

occur. The one-step mutations follow the stepwise muta-

tion model and the larger mutations were equally likely to

be contractions or expansions, with the magnitude of these

mutations following a truncated geometric distribution.

This model allows mutations of one repeat unit with

probability p and mutations of [ unit(s) with probability

1 - p [61]. One step mutations followed the SMM while

the magnitude of large mutations followed a truncated
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geometric distribution [61]. Fu and Chakraborty [178]

proposed a simpler TPM in which mutations of length C1

are geometrically distributed. TPM and SMM show some

similarities like the assumption that microsatellites mutate

at a constant rate, irrespective of repeat length. Also, that

there is no bias towards expansion or contraction under

these models and thus the microsatellites are expected to

grow or contract unrestrained over time [21].

Infinite Allele Model (IAM)

The IAM assumes that every mutation results in the crea-

tion of a new allele and does not allow for homoplasy

[179]. The IAM describes mutations involving loss or gain

of any number of repeats, but also generates new unsam-

pled alleles [176]. Thus, the IAM always results in an

allelic state not previously encountered in the population.

The similarity between IAM and SMM is that both con-

sider only changes in the tandem repeat number [180].

However, Slatkin [173] and Goldstein et al. [181] have

suggested that the IAM is not appropriate for microsatel-

lites because of high microsatellite mutation rates and

mutation processes that retain memory of the ancestral

allelic states. Empirical evidence documenting independent

identical mutations also argues against the IAM [182, 183].

Proportional Slippage/Point Mutation (PS/PM) Model

This model was proposed by Kruglyak et al. [78] and later

extended by Calabrese et al. [80]. It envisages that an

equilibrium distribution of repeat length exists through a

balance between slippage events and point mutations. Two

key features of this model are the dependence of mutation

rates on microsatellite length and a mutation process that

includes both strand slippage and point mutation events. In

this model, point mutations limit perfect repeats; the slip-

page rate is zero for microsatellites with fewer than K

(threshold value) repeat units and then increases linearly

[80].

The original PS Model of Kruglyak et al. [78] is given

below:

X ! X þ 1 at rate b X � 1ð Þ; and

X ! X � 1 at rate b X � 1ð Þ:

This model was further extended to prevent microsatellites

shorter than a threshold k from mutating:

X ! X þ 1 at rate b X � jð Þþ; and

X ! X � 1 at rate b X � jð Þþ;

where (X - j)? = max (X - j, 0).

When j = 1, the PS/PM model reduces to the original

model of Kruglyak et al. [78]. This model is used to

ascertain slippage rates from DNA sequence data. The fact

that longer microsatellites mutate more often than shorter

ones and the presence of point mutations in some repeats

makes the proportional slippage model more attractive.

Various mutational biases have been proposed that include

an upward bias favoring expansions in humans and barn

swallows [56, 60], an excess of contractions in long

microsatellites of S. cerevisiae and fruit fly [65, 184], and

the rate of contractions increasing exponentially with

repeat length in humans [81]. In the presence of a linear

bias towards a target or focal length, as proposed by Garza

et al. [185] and further elaborated by Zhivotovsky et al.

[186], microsatellites below the focal length tend to

expand, and those above it tend to contract.

K-Allele Model

Crow and Kimura [187] proposed the KAM under which

there are K possible allelic states and any allele has a

constant probability [l/(K - 1)] of mutating towards any

of the other K - 1 allelic states [176]. This model treats all

alleles as equivalents with the probability of mutation from

an allele to any other allele. In other words it assumes that

an 8 repeat sequence does not necessarily mutate into a

7- or 9-repeat sequence, but may mutate into a 15-repeat

sequence. The KAM allows for homoplasy that is more

suitable for data where the pattern of mutation is unknown,

such as the absence/presence of a chromosomal modifica-

tion or for electrophoretic mobility data. Due to size con-

straints acting on microsatellite loci, the KAM seems to be

more realistic than IAM.

Recent Models

Recent approaches have involved more complex stepwise

models [148, 188, 189]. The parameters of mathematical

models are tested against the measures of variability that

are observed within populations like skewness, variance of

repeat counts, heterozygosity etc. Xu and Fu [190] gave the

concept of single-step stepwise mutation model in which

they developed an estimator of h, hF on the basis of sample

homozygosity. This estimator has been stated to be unbi-

ased and more efficient than the variance based estimator,

and also has smaller mean square error (MSE).

Homoplasy and Microsatellites

If a character present in two species is not derived from the

same character in a common ancestral species but the

similarity is due to other factors like convergence, paral-

lelism or reversion, it is referred to as homoplasy.
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Homoplasy at microsatellite electromorphs is referred to as

size homoplasy. Size homoplasy has been reported among

microsatellite alleles from the same species [191, 192] as

well as between species [193, 194]. Size homoplasy can

arise in a number of ways [180]. The most common method

is the convergence on repeat number via slippage. Another

type involves mutations within the microsatellite locus

other than changes in repeat number resulting in size

convergence. The third type of homoplasy involves DNA

insertions and deletions flanking the repeat region [180,

191]. Homoplasy is expected under the SMM, TPM and the

KAM, while it is not expected under the IAM. For some

categories of microsatellites, only a fraction of size

homoplasy may be detected because a given electromorph

may hide different sequences that can be observed using

molecular techniques [195]. This corresponds to the

molecularly accessible size homoplasy (MASH). MASH

represents only a subset of size homoplasy that actually

occurs at microsatellite electromorphs and the relationship

between size homoplasy and MASH depends on many

factors like mutation rate and model, effective population

size and molecular structures of microsatellites [195]. The

degree of homoplasy will increase with mutation rate and

the time of divergence [176]. Additionally, the selective

size constraints that reduce the number of possible allelic

states increase size homoplasy [196]. Size homoplasy

usually leads to underestimation of population subdivision

and genetic divergence between various taxa [197, 198].

Genome Size and Microsatellites

Extreme variation in genome size between and within

phyla is a significant feature of genome evolution [199].

Genome size and DNA C values have been correlated with

form and functions of vital importance to the organisms

[200, 201]. The C-paradox and the microsatellite-paradox

have led to believe in their causal relationship [102].

Several studies have examined the relationship between

SSR content and genome size. Hancock [202] first stated

that the microsatellite content in the genome correlates

with genome size of the organisms. The overall level of

repetition in genomes was related to genome size and to the

degree of repetition that can be measured within individual

ribosomal RNA genes, suggesting that the entire genome

accepts simple sequences in a concerted manner when its

size increases. This positive correlation between SSR

content and genome size was corroborated by Hancock

[202] and Primmer et al. [102]. Studies in animals have

indicated increasing microsatellite densities with increas-

ing genome size [36, 203, 204].

The situation is different in plants where several studies

have confirmed an inverse relationship between SSR

abundance and genome size [35]. This is attributable to the

fact that microsatellites are underrepresented in the repet-

itive parts of the plant genome that are involved in genome

expansion, such as long terminal repeats of retrotranspo-

sons. Thus, microsatellite frequency is not a function of

overall genome size but of the relative proportion of single

copy DNA than in repetitive DNA [35], though some

exceptions have been reported [205]. Genome size and GC

content seem to be correlated as larger genomes tend to be

more GC rich and smaller genomes tend to be more AT

rich [74, 206]. The number of mononucleotide SSRs is

weakly correlated with genome size and more strongly, but

negatively, correlated with GC content. The repeat density

is negatively correlated with genome size and GC content.

It has been shown that bacterial genomes that contain

much less mononucleotide SSRs than expected are gener-

ally larger (genome size = 5505212 bp) and more GC

rich, while bacterial genomes that contain much more

mononucleotide SSRs than expected are in general smaller

(genome size = 2254190 bp) and more AT rich [74].

However, in different fungal means, the occurrence,

abundance and relative density of SSRs varies and is not

consistent with genome size [207]. No correlation, neither

inverse nor direct, between relative abundance and the

genome sizes was observed in several fungi, but it was

shown that Neurospora crassa, the largest genome ana-

lyzed, had the highest relative abundance of SSRs. Values

observed with different genome sizes indicate there are

factors that impose limits upon compositional relative

abundance variation in the fungal genomes [207].

Conclusion

Microsatellites continue to find application in areas like

linkage-disequilibrium mapping studies, hitchhiking map-

ping, paternity testing and forensics. SSRs have recently

been identified to play a major role in generating the

genetic variation underlying adaptive evolution by virtue of

their special mutational and functional qualities. The origin

and mutational dynamics of microsatellites is still not

completely clear, but we hope that future use of phyloge-

netic studies of microsatellite sequence data will enable the

researchers to elucidate the genetic and evolutionary

mechanisms involved, as well as to clarify and interpret

results of microsatellite variability studies. It is apparent

that no single model of evolution could play a role in the

mutation-driven variability of microsatellites. Theoretical

mutation models like SMM and TPM may provide ade-

quate measures if populations are closely related, but

become inadequate when divergence between taxa

increases. Future research should focus on the mutation

rate and directionality, influence of flanking region, the
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behaviour and non-random distribution of different classes

of microsatellites and their functionality. Exploration of

massive amount of data generated from genome projects,

coupled with newer analytical methods and bioinformatics

tools, would help further increase our understanding of

microsatellite evolution and mutational processes. A good

understanding of microsatellite evolution combined with

their high information content will result in increasing

interest in the use of microsatellites as genetic markers.
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3. Richard, G. F., & Pâques, F. (2000). Mini- and microsatellite

expansions: The recombination connection. EMBO Reports, 11,

122–126.

4. Oliveira, E. J., Padua, J. G., Zucchi, M. I., Vencovsky, R., &

Vieira, M. L. C. (2006). Origin, evolution and genome distri-

bution of microsatellites. Genetics and Molecular Biology, 29,

294–307.

5. Zane, L., Bargelloni, L., & Patarnello, T. (2002). Strategies for

microsatellite isolation: A review. Molecular Ecology, 11, 1–16.

6. Zwettler, D., Vieria, C. P., & Schlotterer, C. (2002). Polymor-

phic microsatellites in Antirrhinum (Scrophulariaceae), a genus

with low levels of nuclear sequence variability. Journal of
Heredity, 93, 217–221.

7. Estoup, A., & Angers, B. (1998). Microsatellites and minisat-

ellites for molecular ecology: Theoretical and empirical con-

siderations. In G. R. Carvalho (Ed.), Advances in molecular
ecology (pp. 55–86). Washington, D.C.: IOS Press.

8. Barker, G. C. (2002). Microsatellite DNA: A tool for population

genetic analysis. Transactions of the Royal Society of Tropical
Medicine and Hygeine, 96, S21–S24.

9. Fuentes, F. F., Martinez, E. A., Hinrichsen, P. V., Jellen, E. N.,

& Maughan, P. J. (2009). Assessment of genetic diversity pat-

terns in Chilean quinoa (Chenopodium quinoa Willd.) germ-

plasm using multiplex fluorescent microsatellite markers.

Conservation Genetics, 10, 369–377.

10. Beckmann, J. S., & Weber, J. L. (1992). Survey of human and

rat microsatellites. Genomics, 12, 627–631.

11. Calderon, I., Ortega, N., Duran, S., Becerro, M., Pascual, M., &

Turon, X. (2007). Finding the relevant scale: Clonality and

genetic structure in a marine invertebrate (Crambe crambe,

Porifera). Molecular Ecology, 16, 1799–1810.

12. Andersen, D. H., Pertoldi, C., Loeschcke, V., & Scali, V. (2005).

Characterization of microsatellite loci in the stick insects

Bacillus rossius rossius, Bacillus rossius redtenbacheri and

Bacillus whitei (Insecta: Phasmatodea). Molecular Ecology
Notes, 5, 576–578.

13. Sarhan, A. (2006). Isolation and characterization of five

microsatellite loci in the Glanville fritillary butterfly (Melitaea
cinxia). Molecular Ecology Notes, 6, 163–164.

14. Rosas, P. D. A. R., Segura, E. L., & Garcia, B. A. (2007).

Microsatellite analysis of genetic structure in natural Triatoma
infestans (Hemiptera: Reduviidae) populations from Argentina:

Its implication in assessing the effectiveness of Chagas’ disease

vector control programmes. Molecular Ecology, 16, 1401–1412.

15. Kenchington, E. L., Patwary, M. U., Zouros, E., & Bird, C. J.

(2006). Genetic differentiation in relation to marine landscape in

a broadcast-spawning bivalve mollusc (Placopecten magellani-
cus). Molecular Ecology, 15, 1781–1796.

16. Moran, P., Teel, D. J., LaHood, E. S., Drake, J., & Kalinowski,

S. (2006). Standardising multi-laboratory microsatellite data in

Pacific salmon: An historical view of the future. Ecology of
Freshwater Fish, 15, 597–605.

17. Bucklin, K. A., Banks, M. A., & Hedgecock, D. (2007).

Assessing genetic diversity of protected coho salmon (On-
corhynchus kisutch) populations in California. Canadian Jour-
nal of Fisheries and Aquatic Sciences, 64, 30–42.

18. Glenn, T. C., Dessauer, H. C., & Braun, M. J. (1998). Charac-

terization of microsatellite DNA loci in American alligators.

Copeia, 3, 591–601.

19. Galbusera, P., van Dongen, S., & Matthysen, E. (2000). Cross-

species amplification of microsatellite primers in passerine

birds. Conservation Genetics, 1, 163–168.

20. Hayes, M. A., Britten, H. B., & Barzen, J. A. (2006). Extra-pair

fertilizations in sandhill cranes revealed using microsatellite

DNA markers. The Condor, 108, 970–976.

21. Sainudiin, R., Durrett, R. T., Aquadro, C. F., & Nielsen, R.

(2004). Microsatellite mutation models insights from a

comparison of humans and chimpanzees. Genetics, 168, 383–

395.

22. Pinto, L. R., Vieiria, L. R., Souze, C. L., Jr, & Souza, A. P.

(2003). Reciprocal recurrent selection effects on the genetic

structure of tropical maize populations assessed at microsatellite

loci. Genetics and Molecular Biology, 26, 355–364.

23. Odeny, D. A., Jayashree, B., Ferguson, M., Crouch, J., &

Gebhardt, J. (2007). Development, characterization and utiliza-

tion of microsatellite markers in pigeonpea. Plant Breeding,
126, 130–136.

24. Christopher, M., Mace, E., Jordan, D., David, R., Paul, M.,

Delacy, I., et al. (2007). Applications of pedigree-based genome

mapping in wheat and barley breeding programs. Euphytica,
154, 307–316.

25. Goldstein, D. B., & Schlotterer, C. (1999). Microsatellites:
Evolution and applications. Oxford: Oxford University Press.

26. Cummings, C. J., & Zoghbi, H. Y. (2000). Trinucleotide repeats:

Mechanisms and pathophysiology. Annual Review of Genomics
and Human Genetics, 1, 281–328.

27. Masino, L., & Pastore, A. (2001). A structural approach to tri-

nucleotide expansion diseases. Brain Research Bulletin, 56,

183–189.

28. Kovtun, I. V., Goellner, G., & McMurray, C. T. (2001). Struc-

tural features of trinucleotide repeats associated with DNA

expansion. Biochemistry and Cell Biology, 79, 325–326.

29. Everett, C. M., & Wood, N. W. (2004). Trinucleotide repeats

and neurodegenerative disease. Pain, 127, 2385–2405.

30. Oda, S., Maehara, Y., Sumiyoshi, Y., & Sugimachi, K. (2002).

Microsatellite instability in cancer: What problems remain

unanswered? Surgery, 131, S55–S62.

31. Shaikh, L., Sagebiel, R. W., Ferreira, C. M. M., Nosrati, M.,

Miller, J. R., & Kashani-Sabet, M. (2005). The role of micro-

satellites as a prognostic factor in malignant melanoma.

Archives of Dermatology, 141, 739–742.

32. Powell, W., Machray, G., & Provan, G. (1996). Polymorphism

revealed by simple sequence repeats. Trends in Plant Science, 1,

215–222.

Mol Biotechnol



33. Maughan, P. J., Saghai-Maroof, M. A., & Buss, G. R. (1995).

Microsatellite and amplified sequence length polymorphisms in

cultivated and wild soybean. Genome, 38, 715–723.

34. Hancock, J. M. (1999). Microsatellites and other simple

sequences: Genomic context and mutational mechanisms. In D.

B. Goldstein & C. Schlotterer (Eds.), Microsatellites: Evolution
and applications (pp. 1–9). Oxford: Oxford University Press.

35. Morgante, M., Hanafey, M., & Powell, W. (2002). Microsatel-

lites are preferentially associated with nonrepetitive DNA in

plant genomes. Nature Genetics, 30, 194–200.

36. Schlötterer, C., & Harr, B. (2000). Drosophila virilis has long

and highly polymorphic microsatellites. Molecular Biology and
Evolution, 17, 1641–1646.

37. Katti, M. V., Ranjekar, P. K., & Gupta, V. S. (2001). Differ-

ential distribution of simple sequence repeats in eukaryotic

genome sequences. Molecular Biology and Evolution, 18,

1161–1167.

38. Sharma, P. C., Grover, A., & Kahl, G. (2007). Mining micro-

satellites in eukaryotic genomes. Trends in Biotechnology, 25,

490–498.

39. Cruz, F., Perez, M., & Presa, P. (2005). Distribution and abun-

dance of microsatellites in the genome of bivalves. Gene, 346,

241–247.

40. Brandstrom, M., & Ellegren, S. (2008). Genome wide analysis

of microsatellite polymorphism in chicken circumventing the

ascertainment bias. Genome Research, 18, 881–887.

41. Ellegren, H. (2000). Microsatellite mutations in the germline:

Implications for evolutionary inference. Trends in Genetics, 16,

551–558.

42. Ellegren, H. (2004). Microsatellites: Simple sequences with

complex evolution. Nature Reviews Genetics, 5, 435–445.

43. Webster, M. T., Smith, N. G., & Ellegren, H. (2002). Micro-

satellite evolution inferred from human–chimpanzee genomic

sequence alignments. Proceedings of the National Academy of
Sciences of the United States of America, 99, 8748–8753.

44. Chakraborty, R., Kimmel, M., Stivers, D. N., Davison, L. J., &

Deka, R. (1997). Relative mutation rates at di-, tri-, and tetra-

nucleotide microsatellite loci. Proceedings of the National
Academy of Sciences of the United States of America, 94, 1041–

1046.

45. Baldi, P., & Baisnee, P. F. (2000). Sequence analysis by additive

scales: DNA structure for sequences and repeats of all lengths.

Bioinformatics, 16, 865–889.

46. Rolfsmeier, M. L., & Lahue, R. S. (2000). Stabilizing effects of

interruptions on trinucleotide repeat expansions in Saccharo-
myces cerevisiae. Molecular Cell Biology, 20, 173–180.

47. Pearson, C. E., Nichol-Edamura, K., & Cleary, J. D. (2005).

Repeat instability: Mechanisms of dynamic mutations. Nature
Reviews Genetics, 6, 729–742.

48. Krasilnikova, M. M., Samadashwily, G. M., Krasilnikov, A. S.,

& Mirkin, S. M. (1998). Transcription through a simple DNA

repeat blocks replication elongation. EMBO Journal, 17, 5095–

5102.

49. Rose, O., & Falush, D. (1998). A threshold size for microsat-

ellite expansion. Molecular Biology and Evolution, 15, 613–615.

50. Schlotterer, C. (2000). Evolutionary dynamics of microsatellite

DNA. Chromosoma, 109, 365–371.

51. Sia, E. A., Butler, C. A., Dominska, M., Greenwell, P., Fox, T.

D., & Petes, T. D. (2000). Analysis of microsatellite mutations

in the mitochondrial DNA of Saccharomyces cerevisiae. Pro-
ceedings of the National Academy of Sciences of the United
States of America, 97, 250–255.

52. Li, Y. C., Korol, A. B., Fahima, T., Beiles, A., & Novo, E.

(2002). Microsatellites: Genomic distribution, putative functions

and mutational mechanisms: A review. Molecular Ecology, 11,

2453–2465.

53. Weber, J., & Wong, C. (1993). Mutation of human short tandem

repeats. Human Molecular Genetics, 2, 1123–1128.

54. Lai, Y., & Sun, F. (2003). The relationship between microsat-

ellite slippage mutation rate and the number of repeat units.

Molecular Biology and Evolution, 20, 2123–2131.

55. Bachtrog, D., Agis, M., Imhof, M., & Schlotterer, C. (2000).

Microsatellite variability differs between dinucleotide repeat

motifs-evidence from Drosophila melanogaster. Molecular
Biology and Evolution, 17, 1277–1285.

56. Primmer, C. R., Ellegren, H., Saino, N., & Moller, A. P. (1996).

Directional evolution in germline microsatellite mutations.

Nature Genetics, 13, 391–393.

57. Ellegren, H. (2000). Heterogeneous mutation processes in

humans microsatellite sequences. Nature Genetics, 24, 400–402.

58. Whittaker, J. C., Harbord, R. M., Boxall, N., Mackay, I., &

Dawson, G. (2003). Likelihood-based estimation of microsat-

ellite mutation rates. Genetics, 164, 781–787.

59. Seyfert, A. L., Cristescu, M. E., Frisse, L., Schaack, S., Thomas,

W. K., & Lynch, M. (2008). The rate and spectrum of micro-

satellite mutation in Caenorhabditis elegans and Daphnia pulex.

Genetics, 178, 2113–2121.

60. Amos, W., Flint, J., & Xu, X. (2008). Heterozygosity increases

microsatellite mutation rate, linking it to demographic history.

BMC Genetics, 9, 72.

61. Di Rienzo, A., Peterson, A. C., Garza, J. C., Valdes, A. M., &

Slatkin, M. (1994). Mutational processes of simple-sequence

repeat loci in human populations. Proceedings of the National
Academy of Sciences of the United States of America, 91, 3166–

3170.

62. Harr, B., Zangerl, B., Brem, G., & Schlotterer, C. (1998).

Conservation of locus specific microsatellite variability across

species: A comparison of two Drosophila sibling species D.
melanogaster and D. simulans. Molecular Biology and Evolu-
tion, 15, 176–184.

63. Buschiazzo, E., & Gemmell, N. J. (2006). The rise, fall and

renaissance of microsatellites in eukaryotic genomes. Bioessays,
28, 1040–1050.

64. Goldstein, D., & Clark, A. (1995). Microsatellite variation in

North American populations of Drosophila melanogaster.

Nucleic Acids Research, 23, 3882–3886.

65. Wierdl, M., Dominska, M., & Petes, T. D. (1997). Microsatellite

instability in yeast: Dependence on the length of the microsat-

ellite. Genetics, 146, 769–779.

66. Brinkmann, B., Klintschar, M., Neuhuber, F., Huhne, J., & Rolf,

B. (1998). Mutation rate in human microsatellites: Influence of

the structure and length of the tandem repeat. The American
Journal of Human Genetics, 62, 1408–1415.

67. Hutter, C. M., Schug, M. D., & Aquadro, C. F. (1998). Micro-

satellite variation in Drosophila melanogaster and Drosophila
simulans: A reciprocal test of the ascertainment bias hypothesis.

Molecular Biology and Evolution, 15, 1620–1636.

68. Schlotterer, C., Ritter, R., Harr, B., & Brem, G. (1998). High

mutation rates of a long microsatellite allele in Drosophila
melanogaster provides evidence for allele-specific mutation

rates. Molecular Biology and Evolution, 15, 1269–1274.

69. Schug, M., Hutter, C., Wetterstrand, K., Gaudette, M., & Mac-

kay, T. (1998). The mutation rates of di-, tri- and tetranucleotide

repeats in Drosophila melanogaster. Molecular Biology and
Evolution, 15, 1751–1760.

70. Phillips, N., Saloman, M., Custer, A., Ostrow, D., & Baer, C. F.

(2009). Spontaneous mutational and standing genetic co(varia-

tion) at dinucleotide microsatellites in Caenorhabditis briggsae
and Caenorhabditis elegans. Molecular Biology and Evolution,
26, 659–669.

71. Primmer, C. R., Saino, N., Moller, A. P., & Ellegren, H. (1998).

Unraveling the processes of microsatellite evolution through

Mol Biotechnol



analysis of germ line mutations in barn swallows Hirundo rus-
tica. Molecular Biology and Evolution, 15, 1047–1054.

72. Vigouroux, Y., Jaqueth, J. S., Matsouka, Y., Smith, O. S., &

Beavis, W. F. (2002). Rate and pattern of mutation at micro-

satellite loci in maize. Molecular Biology and Evolution, 19,

1251–1260.

73. Shinde, D., Lai, Y. L., Sun, F. Z., & Arnheim, N. (2003). Taq

DNA polymerase slippage mutation rates measured by PCR and

quasi-likelihood analysis: (CA/GT)n and (A/T)n microsatellites.

Nucleic Acids Research, 31, 974–980.

74. Coenye, T., & Vandamme, P. (2005). Characterization of

mononucleotide repeats in sequenced prokaryotic genomes.

DNA Research, 12, 221–233.

75. Zhu, Y., Queller, D. C., & Strassmann, J. E. (2000). A phylo-

genetic perspective on sequence evolution in microsatellite loci.

Journal of Molecular Evolution, 50, 324–338.

76. Dettman, J. R., & Taylor, J. W. (2004). Mutation and evolution

of microsatellite loci in Neurospora. Genetics, 168, 1231–1248.

77. Bell, G. I., & Jurka, J. (1997). The length distribution of perfect

dimer repetitive DNA is consistent with its evolution by an

unbiased single step mutation process. Journal of Molecular
Evolution, 44, 414–421.

78. Kruglyak, S., Durrett, R. T., Schug, M. D., & Aquadro, C. F.

(1998). Equilibrium distributions of microsatellite repeat length

resulting from a balance between slippage events and point

mutations. Proceedings of the National Academy of Sciences of
the United States of America, 95, 10774–10778.

79. Kruglyak, S., Durrett, R. T., Schug, M. D., & Aquadro, C. F.

(2000). Distribution and abundance of microsatellites in the

yeast genome can be explained by a balance between slippage

events and point mutations. Molecular Biology and Evolution,
17, 1210–1219.

80. Calabrese, P. P., Durrett, R. T., & Aquadro, C. F. (2001).

Dynamics of microsatellite divergence. Genetics, 159, 839–852.

81. Xu, X., Peng, M., Fang, Z., & Xu, X. (2000). The direction of

microsatellite mutations is dependent upon allele length. Nature
Genetics, 24, 396–399.

82. Huang, Q. Y., Xu, F. H., Shen, H., Deng, H. Y., Liu, Y. J., Liu,

Y. Z., et al. (2002). Mutation patterns at dinucleotide micro-

satellite loci in humans. The American Journal of Human
Genetics, 70, 625–634.

83. Eisen, J. A. (1999). Mechanistic basis for microsatellite insta-

bility. In D. B. Goldstein & C. Schlotterer (Eds.), Microsatel-
lites: Evolution and applications (pp. 34–48). Oxford: Oxford

University Press.

84. Messier, M., Li, S. H., & Stewart, C. B. (1996). The birth of

microsatellites. Nature, 381, 483.

85. Eckert, K. A., & Hile, S. E. (2009). Every microsatellite is

different: Intrinsic DNA features dictate mutagenesis of com-

mon microsatellites present in the human genome. Molecular
Carcinigenesis, 48, 379–388.

86. Pupko, T., & Graur, D. (1999). Evolution of microsatellites in

the yeast Saccharomyces cerevisiae: Role of length and number

of repeated units. Journal of Molecular Evolution, 48, 313–316.

87. Halangoda, A., Still, J. G., Hill, K. A., & Sommer, S. S. (2001).

Spontaneous microdeletions and microinsertions in a transgenic

mouse mutation detection system: Analysis of age, tissue, and

sequence specificity. Environmental and Molecular Mutagene-
sis, 37, 311–323.

88. Schlötterer, C., & Zangerl, B. (1999). The use of imperfect

microsatellites for DNA fingerprinting and population genetics.

In J. T. Epplen & T. Lubjuhn (Eds.), DNA profiling and DNA
fingerprinting (pp. 153–165). Switzerland, Basel: Birkhäuser.
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